
*

H.Huang1, L. Ahrens 1, J.G. Alessi 1, I. Alekseev 2, M. Bai 1, J. Beebe-Wang1, S. Brarvar1, M. Brennan1,
K.A. Brown1, G. Bunce3, A. Drees1, W. Fisher1, C. Gardner1,W. Glenn1, G. Igo4,

O. Jinnochi3, A.U. Luccio1, W. MacKay1, C. Montag1, F. Pilat1, V. Ptytsin1,
T. Roser1, T. Satogata 1, H. Spinka 5, D. Svirida 2, S. Tepikian 1, D. Trbojevic 1,

N. Tsoupas1, D. Underwood5, J. van Zeijts1, J. Wood4, A. Zelenski1, K. Zeno1, S.Y. Zhang1

(1) Brookhaven National Laboratory, Upton, NY 11973, USA
(2) ITEP, 117259, Moscow, Russia

(3) RIKEN BNL Research Center, Upton, NY 11973, USA
(4) Physics Department, UCLA, Los Angeles, CA 90095, USA

(5) Argonne National Laboratory, 9700 Cass Ave., Argonne, IL 60493, USA

Abstract

Polarized proton beam has been accelerated and stored at
100GeV in Relativistic Heavy Ion Collider (RHIC) to study
spin effects in the hadronic reactions. The essential equip-
ment includes four Siberian snakes and eight spin rotators
in two RHIC rings, a partial snake in the AGS, fast relative
polarimeters, and ac dipoles in the AGS and RHIC. This
paper summarizes the performance of RHIC as a polarized
proton collider and of AGS as the injector to RHIC.

INTRODUCTION

In a perfect planar synchrotron with vertically oriented
guiding magnetic field, the spin vector of a proton beam
precesses around the vertical axis Gγ times per orbital rev-
olution, where G = (g − 2)/2 = 1.7928 is the gyromag-
netic anomaly of the proton, and γ is the Lorentz factor.
The number of precessions per revolution is called the spin
tune νsp and is equal to Gγ in this case.

In general, a spin resonance is located at

νsp = Gγ = k ± lνy ± mνx ± nνsyn, (1)

where k, l, m and n are integers, νx and νy are horizontal
and vertical betatron tunes, and νsyn is the tune of the syn-
chrotron oscillation. There are three main types of depolar-
izing resonances: imperfection resonances at νsp = k, in-
trinsic resonances at νsp = l± νy and coupling resonances
at νsp = n ± νx.

When a polarized beam is uniformly accelerated through
an isolated spin resonance, the final polarization Pf is re-
lated to the initial polarization Pi by the Froissart-Stora
formula[2]

Pf = (2e−π|εk|2/2α − 1)Pi, (2)

where α is the rate of change of spin tune per radian of the
orbit angle due to acceleration: α = d(Gγ)

dθ , and θ is the
orbital angle in the synchrotron. In the AGS, a few weak
intrinsic resonances were not corrected with any scheme.
The final polarization were affected by the value of α.
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Figure 1: The Brookhaven polarized proton facility com-
plex, which includes the OPPIS source, 200 MeV LINAC,
the AGS Booster, the AGS, and RHIC.

For a ring with a partial snake with strength s, the spin
tune νsp is given by

cosπνsp = cos
sπ

2
cosGγπ, (3)

where s = 1 would correspond to a full snake which ro-
tates the spin by 180◦. When s=1, the spin tune is always
1/2 and energy independent. Thus, all imperfection, in-
trinsic and coupling resonance conditions can be avoided.
However, when the spin resonance strength is large, a new
class of spin-depolarizing resonance can occur. These reso-
nances, due to coherent higher-order spin-perturbing kicks,
are called snake resonances [3] and located at

∆νy = k±νsp

n , where ∆νy is the fractional part of verti-
cal betatron tune, n and k are integers, and n is called the
Snake resonance order.

POLARIZED PROTONS IN THE AGS

The Brookhaven polarized proton facility complex is
shown schematically in Fig.1. The polarized H− beam
from the optically pumped polarized ion source (OPPIS)
was accelerated through the 200 MeV LINAC. The OP-
PIS source produced 1012 polarized protons per pulse with
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Figure 2: Measured AGS polarization vs. simulation for
various years.

70-75% polarization. The beam was then strip-injected and
accelerated in the AGS Booster up to 2.5 GeV or Gγ = 4.7.

At the AGS, a 5% partial Siberian snake that rotates the
spin by 9◦ is sufficient to avoid depolarization from im-
perfection resonances up to the required RHIC transfer en-
ergy [4]. Full spin flip at the four strong intrinsic reso-
nances can be achieved with a strong artificial rf spin reso-
nance excited coherently for the whole beam by firing an ac
dipole [5]. The remaining polarization loss in the AGS is
caused by coupling resonances and weak resonances. The
polarized proton beam was accelerated up to Gγ = 46.5
or 24.3 GeV. Since the intrinsic and coupling resonance
strength is dependent on transverse emittance, it is very
important to maintain emittance as small as possible. The
beam was scraped in three dimension in the Booster: both
transverse dimensions and longitudinal dimension. The
longitudinal scraping is to meet the RHIC requirement of
0.5 eV-s longitudinal emittance. The beam intensity varied
between 0.5 -0.7×1011 protons per fill. The polarization
level at the AGS extraction energy was about 40-45%. A
future, much stronger partial snake should eliminate depo-
larization in the AGS [6].

A new polarimeter based on proton carbon elastic scat-
tering in the Coulomb Nuclear Interference (CNI) region
has been installed in AGS to measure polarization fast and
reliably. The polarimeter consists of ultra-thin carbon tar-
gets(5 µg/cm2 and 600 µm wide) and two silicon detectors.
Fig. 3 shows the layout of the AGS CNI polarimeter. The
electronics has to be designed and installed carefully to live
with the noisy environment of AGS ring. One advantage
of this new polarimeter is to measure polarization during
acceleration. Fig. 4 shows such a ramp measurement com-
pared with expected polarization. The analyzing power for
CNI process is expected to be largely independent of en-
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Figure 3: The layout of the AGS CNI polarimeter. The
two Si strip detectors measure left-right asymmetry of re-
coil carbons at 90 degree recoil angle.

Gγ
20 24 28 32 36 40 44

R
aw

 A
sy

m
m

et
ry

-0.010

-0.005

0.000

0.005

0.010

Figure 4: The measured asymmetry between Gγ = 20 to
46.5. The 5% partial snake flips spin at every integer of
Gγ.

ergy for energy above a few GeV. These data show that
other process might have mixed in and analyzing power is
not a constant in this energy region.

POLARIZED PROTONS IN RHIC

The basic construction unit for RHIC snake is a super-
conducting helical magnet producing a 4T dipole filed that
rotates 360◦ in a length of 2.4 meters. These magnets are
assembled in group of four to build four Siberian snakes
(two for each ring) for RHIC. With two snakes in each ring,
the stable spin direction is vertical in RHIC and indepen-
dent of beam energy.

The second RHIC polarized proton run of nine weeks are
still going on. Spin Rotators are required at the IRs used by
PHENIX and STAR to allow measurements of spin effects
with longitudinally polarized protons. The spin rotators
rotate the polarization from the vertical direction into the
horizontal plane on one side of the IR and restore it to the
vertical direction on the other side. Eight spin rotators have
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Figure 5: A single particle spin tracking for Yellow ring
with two snakes and 1.88 snake scenarios. For the 1.88
snake case, the stable spin direction is not vertical.

been installed in the RHIC after last run. 60 bunches pat-
tern was used in each ring ( 55 filled, 5 empty for an abort
gap). The beam emittance was about 12 π mm-mrad in
both transverse planes. The beam was injected into RHIC
with 10 m β∗ lattice and accelerated up to 100 GeV without
beta-squeeze. β∗ was then squeezed down to 1 m and 3 m
at various IRs. A separate rotator ramp brings spin to lon-
gitudinal at IR 8 [7]. The set at IR 6 will be commissioned
soon. The total intensity of 3.3×1012 and peak luminosity
of about 4.5×1030 cm−2s−1 have been achieved.

The fractional betatron tune space ranged between 0.215
and 0.23 for the horizontal tune and between 0.225 to 0.24
for the vertical. The vertical betatron tune was chosen to
avoid 3/14 snake resonance. Close attention was also paid
to the orbit, since the imperfection resonance strength is
proportional to the rms orbit error.

In the middle of operation, one helical magnet unit failed
due to defects of coils. With the rest units, we decided to
run this snake as a 88% partial snake while keeping the an-
gles between the two snakes as 90◦. The polarization in
Yellow was recovered with the new configuration although
it is more sensitive to tune value and orbit errors. Simula-
tion shown in Fig. 5 confirms this. In general, the polariza-
tion level was not as good as Blue ring.

Although the analyzing power at 100 GeV for the RHIC
polarimeter is unknown, it is expected to be similar at injec-
tion energy. Under this assumption the polarization mea-
sured at store was typically about 30-35%, while injection
polarization is consistently about 40%. One example is
shown in Fig.6. The loss of polarization is likely in the
beta squeeze part of the ramp.

CHALLENGES AHEAD

The real time tune control system has been tested suc-
cessfully for a few RHIC fills along the up ramp. But it

Figure 6: Beam intensity (top) and measured polarization
in the Blue (bottom) and Yellow (middle) rings for a typical
store.

needs work to be operational. It is essential to have the
tune control system operational to control betatron tunes
along the ramp. In RHIC the primary source of coupling
comes from quadrupole rolls in the triplet quadrupoles at
the six interaction regions. In addition, a small longitudi-
nal field is introduced by each helical dipole snake. The
decoupling was done fairly well at injection and flattop.
However, problems during the ramp persisted since a dy-
namic correction technique has yet to be implemented.

There are also intensity limitation due to vacuum pres-
sure rise for 110 bunch of 1011. Some beam study has been
done to fight this problem [8]. Another limitation we are
facing is beam-beam tune shift limit [9]. The beam-beam
tune shift is about 0.012 for four IRs. We have to live with
operation close to the beam-beam tune shift limit.

To reach the desired 70% polarization in RHIC, a new
strong partial snake in the AGS, higher polarization from
the source, and good control of RHIC orbit and tunes are
needed.
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